Bax is a proapoptotic Bcl-2 family member that has a central role in the initiation of mitochondria-dependent apoptosis. However, the mechanism of Bax activation during apoptosis remains unsettled. It is believed that the activation of Bax is mediated by either dissociation from prosurvival Bcl-2 family members, or direct association with BH3-only members. Several interaction sites on Bax that mediate its interactions with other Bcl-2 family members, as well as its proapoptotic activity, have been identified in previous studies by other groups. To rigorously investigate the functional role of these interaction sites, we knocked in their respective mutants using HCT116 colon cancer cells, in which apoptosis induced by several stimuli is strictly Baxdependent. Bax-mediated apoptosis was intact upon knock-in (KI) of K21E and D33A, which were shown to block the interaction of Bax with BH3-only activators. Apoptosis was partially reduced by KI of D68R, which impairs the interaction of Bax with prosurvival members, and S184V, a constitutively mitochondria-targeting mutant. In contrast, apoptosis was largely suppressed by KI of L70A/D71A, which blocks homo-oligomerization of Bax and its binding to prosurvival Bcl-2 family proteins. Collectively, our results suggest that the activation of endogenous Bax in HCT116 cells is dependent on its homo-oligomerization sites, but not those previously shown to interact with BH3-only activators or prosurvival proteins only. We therefore postulate that critical interaction sites yet to be identified, or mechanisms other than protein-protein interactions, need to be pursued to delineate the mechanism of Bax activation during apoptosis.
BH3-only activators, and impaired its activation and Baxdependent apoptosis. 12, 13, 17, 18 However, it has been difficult to detect direct interactions between Bax and BH3-only activators. 11, 20 Studies of Bax activation have mostly utilized artificial systems, such as peptides, in vitro translated proteins, cell-free assays and exogenous Bax reconstitution.
Results from these studies are confusing and hard to reconcile with each other.
To gain insight into the mechanism of Bax activation, we knocked-in several previously described Bax interaction site mutants using BAX-knockout (BAX-KO) HCT116 colon cancer cells, which exhibit clear-cut Bax-dependent apoptotic phenotypes in response to several stimuli, and have been widely used in apoptosis research. [21] [22] [23] Comparing the activities of different mutants reveals that only the homooligomerization sites are required for Bax activation.
Results
Knock-in (KI) of the Bax interaction site mutants in HCT116 cells. Five Bax interaction site mutants were selected for gene targeting based on their respective phenotypes described in previous studies (Table 1) . These mutants were knocked into BAX-KO HCT116 cells, which contain two non-functional BAX alleles, including the KO allele, and a mutant allele caused by a single base pair deletion in the G8 tract (nucleotide 114-121) of BAX that results in a frame-shift deletion. 21 Targeting constructs were designed specifically for the mutant allele to introduce WT or mutant BAX coding sequences, and correct the frame-shift deletion (Figures 1a and b) . As a control for gene targeting, WT BAX was also knocked into BAX-KO cells (Figure 1a) . Sequencing of both BAX genomic DNA and cDNA verified correct gene targeting events in each of the KI cell lines (Supplementary Figures S1A-F) . WT and mutant Bax in the KI cells were found to be expressed at similar levels relative to that of endogenous Bax in the parental HCT116 cells (Figure 1c) .
Previous studies showed that BAX-KO HCT116 cells are completely resistant to apoptosis induced by sulindac, 21 a non-steroidal anti-inflammatory drug (NSAID) used for cancer chemoprevention, 24 and that induced by tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL), a TNF family death receptor ligand that can induce apoptosis through a crosstalk between the extrinsic and intrinsic pathways. 22, 23 To determine the functional consequences of Bax mutations, cells with different BAX genotypes were treated with sulindac and TRAIL. As expected, KI of WT Bax (WT-KI) fully restored sulindac-and TRAIL-induced apoptosis analyzed by nuclear staining (Figures 2a and b) , or annexin V staining (Supplementary Figure S2) . Bax undergoes a conformational change to promote mitochondrial outer membrane permeabilization and cytochrome c release. 5 Sulindac and TRAIL induced similar levels of Bax conformational change and cytochrome c release in WT-KI and parental HCT116 cells (Figures 3a-d) . Therefore, Bax in the WT-KI cells is as functional as that in the parental HCT116 cells. Sulindac, but not TRAIL, was also found to induce expression of multiple BH3-only proteins, including Bim, PUMA and Bad (Supplementary Figure S3A) .
Targeting interaction sites for BH3-only activators did not inhibit Bax-dependent apoptosis. Mutation of K21E in the Bax a1 helix disrupts its interaction with a stapled Bim BH3 peptide. 19 However, we were unable to detect by immunoprecipitation (IP) any interaction between endogenous or transfected Bax and Bim in HCT116 cells (Figure 4a 25 This is probably due to weak or transient interaction between these two proteins in HCT116 cells. The previous study also showed that the K21E mutant has reduced ability to promote staurosporine-induced apoptosis in mouse embryonic fibroblast (MEF) cells compared with WT Bax.
19 Surprisingly, we found that apoptosis induced by sulindac and TRAIL was not reduced, but slightly enhanced in K21E-KI cells, in comparison to WT-KI or parental HCT116 cells (Figures 2a and b) . This difference in apoptosis was confirmed by annexin V staining (Supplementary Figure S2) . Similar to WT Bax, the K21E mutant was capable of undergoing conformational change and inducing cytochrome c release (Figures 3a-d) , in response to sulindac or TRAIL treatment. These results clearly indicate that the K21 residue of Bax is not necessary for Bax activation in HCT116 cells.
D33, also a residue in the a1 helix of Bax, was shown to directly interact with PUMA and tBid, and the D33A mutant failed to coprecipitate with tBid in glioblastoma cells. 13, 18 We were unable to detect any interaction between PUMA and Bax in WT-KI or parental HCT116 cells (data not shown). To confirm the reported activity of D33A, BAX-KO cells were cotransfected with HA-tagged PUMA and GFP-tagged WT Bax or D33A mutant, and analyzed by IP for the interaction between PUMA and Bax. Still no interaction could be detected between PUMA and GFP-tagged WT or mutant Bax (Figure 4b Figure S4) . In contrast, WT Bax could bind to tBid, but the D33A mutant disrupted this interaction, upon transfection of V5-tagged tBid into WT-KI or D33A-KI HCT116 cells (Figure 4b, lower panel) .
To determine whether the direct interaction between Bax and PUMA or tBid is critical for its apoptosis induction, WT-KI and D33A-KI HCT116 cells were compared for apoptosis induced by sulindac, TRAIL, or PUMA overexpression. D33A-KI cells were as sensitive as WT-KI cells to apoptosis induced by sulindac or TRAIL (Figures 2a and b; Supplementary Figure  S2 ), or by PUMA overexpression (Figure 2c ). Similar to WT Bax, the D33A mutant underwent conformational change and triggered cytochrome c release in response to sulindac and TRAIL treatment (Figures 3a-d) . Therefore, if Bax residue D33 mediates an interaction with PUMA or tBid, such an interaction seems to be dispensable for Bax-mediated apoptosis.
Targeting the interaction site for prosurvival proteins partially inhibited Bax-dependent apoptosis. The D68R mutant of Bax was previously shown to disrupt its interaction with prosurvival Bcl-2 proteins, including Bcl-2, Bcl-X L , Bcl-w and Mcl-1. 16 Indeed, the D68R mutant failed to coprecipitate with Bcl-2, Bcl-X L , Bcl-w and Mcl-1 in HCT116 cells (Figure 4c ). Contrary to the notion that prosurvival Bcl-2 proteins bind to Bax to prevent its activation, apoptosis induced by sulindac and TRAIL was not enhanced, but slightly reduced in D68R-KI cells, relative to WT-KI cells (Figures 2a and b; Supplementary Figure S2 ). Although the D68R mutant cannot be bound by the prosurvival Bcl-2 proteins, it remained inactive without any treatment, but became activated upon sulindac or TRAIL exposure Figure S5 ). These results suggest that the ability of prosurvival Bcl-2 proteins to inhibit Bax-dependent apoptosis does not require their direct interaction with Bax, which was also indicated previously. 16 Therefore, although it was shown that Bax is bound and inhibited by prosurvival proteins in healthy HCT116 cells, 20 the release of Bax from Bcl-2 proteins alone seems to be insufficient for Bax activation, which may require additional signals conferred by upstream BH3-only activators.
Targeting
Bax homo-oligomerization abolished Bax-dependent apoptosis. The L70A/D71A mutant of Bax is unable to bind to the prosurvival Bcl-2 family members Bcl-X L and Mcl-1 in MEF cells, and can be selectively activated by BH3-only proteins in response to certain stimuli. 17 We confirmed that Figure S2 ). The L70A/D71A-KI cells were also resistant to indomethacin, another NSAID that can induce Bax-dependent apoptosis, 21 compared with WT-KI cells (Supplementary Figure S6) . In response to TRAIL and sulindac treatment, the L70A/D71A mutant failed to undergo conformational change (Figures 3a and c) , or promote substantial cytochrome c release (Figures 3b and d) .
In line with apoptosis induction, Bax-dependent mitochondrial membrane permeabilization was detected in WT and various mutant KI cells, except for L70A/D71A-KI cells (Figure 5a ). Bax-mediated caspase 9 activation, a hallmark of mitochondria-mediated apoptosis, 2 was also detected in WT and mutant KI cells, but not in L70A/D71A-KI cells (Figure 5b ). L70 and D71 are both located in the BH3 domain of Bax, which mediates its homo-oligomerization and interactions with prosurvival Bcl-2 proteins. We therefore suspected that loss of Bax homo-multimerization may be responsible for apoptotic deficiency in L70A/D71A-KI cells. Among the isogenic cell lines analyzed, only L70A/D71A-KI cells were found to be deficient in Bax homo-oligomerization in response to sulindac treatment (Figure 5c ). D68R-KI cells had slightly reduced Bax oligomerization, compared with parental and WT-KI cells (Figure 5c ), consistent with reduced apoptosis in these cells (Figures 2a and b) . Furthermore, unlike WT Bax, HA-and GFP-tagged L70A/D71A mutant could not be coprecipitated with each other (Figure 5d ). Together, these results suggest that deficiency in Bax-dependent apoptosis in L70A/D71A-KI cells is due to lack of its homo-oligomerization, rather than abrogation of its interactions with prosurvival Bcl-2 proteins. Mitochondria-targeting mutant reduced Bax-dependent apoptosis. Bax can translocate from cytoplasm to mitochondria and form homo-oligomers, which promote mitochondrial outer membrane permeabilization following apoptosis induction. We found that transfected WT Bax is distributed in the cytoplasm and mitochondria of both MEF and HCT116 cells (Figures 6a-c) , and expressed at similar level relative to endogenous Bax in these cells (Supplementary Figure S3B ). However, both transfected and endogenous Bax is more abundant in the mitochondria of HCT116 cells compared with MEF cells (Figures 6a-c) . The S184V mutant of Bax was shown to constitutively target Bax to the mitochondria of MEF cells. 12, 27 We confirmed the mitochondria-targeting of S184V in both MEF and HCT116 cells (Figures 6a and b) . In addition to S184V, D68R and L70A/ D71A, but not K21E and D33A, were also found to be enriched in the mitochondria of MEF and HCT116 cells (Figures 6a and b) . In addition, Bak is mostly localized in the mitochondria of HCT116 cells, and its expression is unchanged after sulindac and TRAIL treatment (Supplementary Figure S3C) .
Consistent with the previous study using MEF cells, 12 S184V-KI cells did not undergo spontaneous apoptosis without any treatment (Figures 2a and b) . However, sulindacand TRAIL-induced apoptosis was substantially reduced in S184V-KI cells, relative to WT-KI cells (Figures 2a and b ; Supplementary Figure S2) . Despite of the weaker ability to induce apoptosis and caspase activation (Figure 5b ), the S184V mutant could still undergo conformational change (Figures 3a and c) , and promote cytochrome c release (Figures 3b and d) , in response to sulindac and TRAIL treatment. These observations suggest that the S184V mutation may affect other apoptotic functions of Bax in addition to mitochondrial targeting.
Discussion
Although Bax has a central role in apoptosis, the mechanism of its activation has remained controversial. The direct activation model postulates that the BH3-only activators, including tBid, Bim and perhaps PUMA, directly bind to and activate Bax and Bak. 12, 17, 28 The indirect model suggests that BH3-only proteins bind to and neutralize prosurvival Bcl-2 proteins, which relieves inhibition of Bax. 11, 16 Both models are supported by multiple lines of evidence, but fail to provide good explanations for several puzzling observations. 3, 9, 10 The direct model cannot reconcile why Bax can promote apoptosis even without discernible interaction with the BH3-only activators, 11 while the indirect model does not well explain why Bax activation requires a significant conformational change, 10 and why Bax mutants that cannot bind to prosurvival Bcl-2 proteins are kept inactive in healthy cells (Figure 3) . 16 Several recent studies suggest that certain aspects of both direct and indirect models may apply to activation of Bax. It was shown that Bcl-2-like proteins sequester BH3-only proteins (MODE 1 inhibition) or Bax/Bak (MODE 2 inhibition) to block apoptosis.
9 BH3-only activators such as tBid sequentially suppress MODE 1 and then MODE 2 inhibition to activate Bax/Bak in stressed cells. Sequestration of Bax/Bak by Bcl-2-like proteins (MODE 2) seems to occur in the mitochondrial membrane, which prevents Bax conformational change detectable by the 6A7 antibody. 9 A so-called 'embedded together' model also postulates that it is at intracellular membranes where antiapoptotic Bcl-2 proteins act as dominant-negative regulators of Bax/Bak by binding to the BH3-only activators and Bax/Bak. 29 Furthermore, a unified Bax/Bak activation model was proposed to explain a previously described transient Bak activation step. 30, 31 These models seem to provide better explanations for Bax/Bak activation by incorporating features of both direct and indirect models, including quenching of Bax/Bak by binding to Bcl-2-like proteins, direct activation of Bax/Bak by BH3-only activators, and auto-activation of Bax/Bak through oligomerization. 9, 31 Previous studies have described interactions between the a1 helix of Bax and the BH3 domains of Bim, tBid and PUMA demonstrated using peptides or in vitro translated proteins. 12, 14, 18 Mutations in the a1 helix of Bax, such as K21E and D33A, disrupt its interactions with BH3-only activators, and suppress Bax-dependent apoptotic activity. 12, 13, 18, 19 These interactions are thought to be transient and a 'hit-andrun' type, 12 as it has been difficult to detect an interaction between endogenous Bax and BH3-only activators. We and others have not been able to detect any interaction of Bax with Bim and PUMA, which are expressed and functional in HCT116 cells. 25, 32 Previous studies on Bax mutants often relied on reconstituting exogenous Bax in Bax-and/or Bakdeficient MEF cells, which may not completely recapitulate actions of endogenous proteins due to responsive cellular changes caused by transfection. Analysis of Bax-mediated apoptosis in MEF cells is also complicated by the redundant function of Bak. 33 We have used a genetic approach by knocking-in Bax mutants in HCT116 cells, in which apoptosis induced by several stimuli is strictly Bax-dependent. Therefore, activities of Bax mutants can be analyzed without interference of endogenous WT proteins. Using this approach, we found that both K21E-KI and D33A-KI cells are as sensitive to Bax-dependent apoptosis as the parental and WT-KI HCT116 cells (Figures 2a and b) , suggesting that the interactions between Bax and BH3-only activators are not critical for the apoptotic function of Bax in this cell type. Slightly enhanced apoptosis in K21E-KI and D33A-KI cells may be due to partial unfolding of Bax induced by the mutations. 13, 18, 19 It remains possible that the transient interactions between Bax and BH3-only activators that are critical for Bax activation are mediated by other interaction sites yet to be identified. It is also conceivable that other proteins are involved in the activation of Bax by BH3-only activators. Apoptosis induction in HCT116 cells is influenced by the genetic background and elevated expression of prosurvival proteins such as Bcl-X L in this cell line. 20 A recent study showed that the predominant requirement of Bax for apoptosis in HCT116 cells is due to inhibition of Bak by Mcl-1. 34 Although Bak is largely dispensable for apoptosis in HCT116 cells, 34 activated Bak may sequester prosurvival proteins (MODE2 inhibition), which may complicate analysis of Bax in HCT116 cells. We were unable to directly compare HCT116 and MEF cells, because MEF cells were insensitive to sulindac and TRAIL, and did not undergo apoptosis and the same mitochondria changes in response to these stimuli (data not shown). Our results from HCT116 cells remain to be verified using MEF cells and more physiological systems by a similar KI approach.
Consistent with previous studies, 16 ,17 the D68 and L70/D71 sites are both critical for Bax interactions with prosurvival Bcl-2 proteins (Figures 4c and d) . D68R-KI and L70A/D71A-KI cells did not undergo spontaneous apoptosis, and were not more sensitive to apoptosis induction than WT-KI cells. Therefore, restrain of Bax activity by prosurvival Bcl-2 proteins does not seem to require their direct interactions, which was also indicated by previous studies. 16, 17 However, several discrepancies were noted between our observations on these mutants and those made in MEF cells. Bcl-X L transfection partially inhibited apoptosis mediated by D68R in HCT116 cells (Figure 2d ), but completely blocked apoptosis induced by D68R in Bcl-X L -deficient MEF cells. 16 This discrepancy is likely due to difference in Bcl-X L status in the cells analyzed in these studies. Among the Bax mutants we analyzed using HCT116 cells, only L70A/D71A loses much of the killing activity (Figure 2 ), as well as the ability to undergo conformational change and multimerize (Figures 3a and 5c ), suggesting that Bax conformational change and homo-oligomerization are indispensable for its activation. In contrast, the activity of L70A/D71A in MEF cells was almost intact in staurosporine-induced apoptosis, but largely reduced in etoposide-induced apoptosis, compared with WT Bax. 17 Bax conformational change could occur in MEF cells even without its activation. 12 Furthermore, L70A and D71A as individual mutants were fully active in Cos-7 cells, and could undergo conformational change, oligomerization and mitochondrial translocation to promote apoptosis. 35 These discrepancies may be explained by selective activation of L70A/ D71A by different BH3-only proteins in response to different apoptotic stimuli. 17 It was suggested that L70A/D71A is selectively activated in Bim-mediated apoptosis in MEF cells. 17 In our study, sulindac-induced Bax activation was associated with induction of multiple BH3-only proteins, including Bim, PUMA and Bad (Supplementary Figure S3A) . tBid was shown to function upstream of Bax in mediating TRAIL-induced apoptosis in HCT116 cells. 36 Identifying how the BH3-only proteins signal through the L70 and D71 sites of Bax during apoptosis may provide an important clue on the Bax activation mechanism.
Bax is distributed in the mitochondria and cytoplasm of healthy HCT116 and MEF cells (Figures 6a and b) . However, it is more abundant in the mitochondria of HCT116 cells compared with MEF cells (Figure 6c ). Similar to PUMA-mediated apoptosis, 32 sulindac-induced apoptosis in HCT116 cells also involves translocation of cytoplasmic Bax into mitochondria (Figure 5c ), which may reflect auto-activation of Bax subsequent to its conformational change in the mitochondria as previously suggested. 9, 29, 31 The S184V mutant constitutively targets Bax to mitochondria in HCT116 and MEF cells (Figures 6a and b) .
12 Surprisingly, S184V-KI cells were less sensitive to Baxdependent apoptosis (Figures 2a and b) , suggesting that this mutant may affect Bax functions that are independent of mitochondrial targeting. Mutants that are more specific in mitochondrial targeting may need to be analyzed in order to pinpoint how mitochondrial translocation of Bax contributes to its activation.
In conclusion, our data suggest that, activation of Bax does not require sites that were previously shown to mediate its direct interactions with BH3-only activators and its release from prosurvival proteins per se. Therefore, we speculate that unidentified interaction sites may be critical for Bax activation, or mechanisms other than protein-protein interactions need to be considered to delineate how Bax is activated during apoptosis.
Experimental Procedures Cell culture. Human colorectal cancer cell line HCT116 was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). BAX-KO HCT116 cells were previously described, 21 and were from Dr. Bert Vogelstein (Johns Hopkins University). All cell lines were cultured in McCoy's 5A modified medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% defined fetal bovine serum (HyClone, Logan, UT, USA), 100 units/ml penicillin and 100 mg/ml streptomycin (Invitrogen). Cells were maintained in a 37 1C incubator at 5% CO 2 . For apoptosis induction, cells plated in 12-well plates at 20-30% density were treated with sulindac, indomethacin and TRAIL diluted with cell culture media, or infected with a PUMA-expressing adenovirus. 32 KI of WT and mutant Bax. Vectors for knocking-in WT and mutant Bax were constructed using the pUSER-rAAV (recombinant adeno-associated virus) System. 37 Briefly, two homologous arms of B1 kb each flanking the first intron of BAX were inserted between 2 USER sites in the AAV shuttle vector pTK-Neo-USER (Figure 1a) . The coding sequences for K21E, D33A, D68R and L70A/D71A mutants were introduced into the right arm using the QuickChange XL SiteDirected Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). For gene targeting, BAX-KO HCT116 cells were infected with the targeting rAAV and selected by G418 (0.5 mg/ml; Mediatech, Manassas, VA, USA) for 3 weeks. G418-resistant clones were pooled and screened by PCR for targeting events using the primer pairs listed in Supplementary Table S1 . BAX-KO cells contain a KO allele, which lacks a part of exon 2 and entire exons 3 and 4, and a null allele that is not expressed due to a frame-shift deletion in a G8 tract in exon 3. 21 Targeting constructs were designed specifically to the BAX allele with the frame-shift deletion. To KI the S184V mutant, a different targeting rAAV was constructed by inserting two homologous arms flanking intron 5 of BAX between 2 USER sites (Figure 1b) , and used to infect the WT BAX-KI cells (WT-KI), followed by G418 selection and PCR screening of targeting events using the primers listed in Supplementary Table S2 . After one round of gene targeting, Neo was excised by Cre adenovirus infection. 38 All targeting events were verified by sequencing of genomic DNA and cDNA isolated from the KI cells, and by western blot analysis of Bax expression.
Western blotting and antibodies. Western blotting was performed as previously described. 20 Antibodies included those against Bad, Bid, caspase 9 (Cell Signaling, Beverly, MA, USA), Bax (N20; Santa Cruz Biotechnology, Santa Cruz, CA, USA), GFP, hemaglutinin (HA), cytochrome c, a-tubulin (BD Biosciences, San Jose, CA, USA), V5, cytochrome oxidase subunit IV (Invitrogen), Flag (Sigma, St Louis, MO, USA), Bim, b-actin (EMD Biosciences, Philadelphia, PA, USA), Bak (Millipore, Bellerica, MA, USA), and PUMA. 39 Transfection and expression constructs. Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Expression constructs of HA-tagged PUMA, V5-tagged Bcl-X L and GFP-tagged Bax were previously described. 20 Expression constructs of HA-tagged Bim, V5-tagged Bcl-2, Bcl-w and tBid and Flag-tagged Mcl-1 are described elsewhere. 40 Expression constructs of Bax mutants were generated from the GFP-Bax expression construct using the QuickChange XL Site-Directed Mutagenesis Kit (Agilent Technologies).
Immunoprecipitation. Twenty-four hours after transfection, cells were harvested and resuspended in 1 ml of EBC buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5% NP-40) supplemented with a protease inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN, USA). In some cases, 0.5% of CHAPS, instead of NP-40, was used as detergent for cell lysis. Cells were disrupted by sonication and then spun at 10 000 Â g for 10 min to collect cell lystate. For IP, 1-2 mg of IP antibodies were mixed with protein G/A-agarose beads (Invitrogen) for 20 min at room temperature. The beads were washed twice with PBS containing 0.02% Tween 20 (pH 7.4), incubated with cell lysates on a rocker for 6 h at room temperature, and then washed thrice with PBS (pH 7.4). Beads were then boiled in 2 Â Laemmli buffer and subjected to SDS-polyacrylamide gel electrophoresis and western blot analysis.
Detection of Bax conformational change. Cells were lysed in CHAPS buffer (150 mM NaCl, 10 mM Hepes, pH 7.4, and 1% CHAPS) containing protease inhibitor cocktail, incubated on ice for 20 min, and then centrifuged at 15 000 Â g for 15 min to precipitate nuclei and cell debris. Cell lysates were then incubated with 2 mg of anti-Bax 6A7 monoclonal antibody (Sigma) at 4 1C for 1 h. After addition of 30 ml of EZview Red protein G affinity gel (Sigma), samples were incubated at 4 1C overnight. Immunoprecipitates were collected by a brief spin, washed thrice with 1 ml CHAPS buffer, solubilized with 1 Â Laemmli buffer, and analyzed by SDS-polyacrylamide gel electrophoresis and western blotting.
Analysis of apoptosis. After treatment, cells were collected at different time points. Apoptosis was analyzed by nuclear staining with Hoechst 33258 (Invitrogen), as previously described. 41 Activation of caspase 9 was analyzed by western blotting. For annexin V staining, cells were stained by Alexa-488-conjugated annexin V and propidium iodide, and then analyzed by flow cytometry as previously described. 42 For detection of mitochondrial membrane potential change, cells were stained by MitoTracker Red CMXRos (Invitrogen) for 15 min at room temperature, and then analyzed by flow cytometry.
Localization of WT and mutant Bax proteins.
To analyze localization of WT and mutant Bax, BAX-KO cells and MEF cells were seeded on glass chamber slides (Thermo Fisher, Waltham, MA, USA) and transfected with GFPtagged WT or mutant Bax. After 24 h, cells were incubated with 100 nM of MitoTracker Red (CmxRos; Invitrogen) at 37 1C for 20 min to label the mitochondria. Mounted slides were subjected to confocal fluorescence microscopy using a Zeiss LSM Pascal 5 and the Plan-Apochromat 63_/1.40 Oil DIC objective lenses. Images were acquired using the Zeiss LSM Image Browser software (Carl Zeiss, Jena, Germany).
Analysis of cytochrome c release and Bax multimerization. Cytoplasmic and mitochondrial fractions were separated by Mitochondrial Fractionation Kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. Cytochrome c in both cytoplasmic and mitochondrial fractions was detected by western blotting. To detect Bax multimerization, the purified mitochondrial fractions were cross-linked with 1 mM of dithiobis (succinimidyl) propionate (DSP) (Thermo Fisher) as described, 32 followed by western blotting under non-denaturing conditions. Statistical analysis. Statistical analysis was conducted using GraphPad Prism IV software, GraphPad Software, La Jolla, CA, USA. P-values were calculated by Student's t-test. Differences were considered significant if the probability of the difference occurring by chance was less than 5 in 100 (Po0.05).
